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When a drop is generated on a vertical needle at slow flow rate, it hangs on the needle until its weight overcomes capillary forces, leading to pinch-off, drop detachment and a new drop grows. We investigate a previously unreported phenomena occurring during this process when drops of an ethanol/water mixture are generated on a vertical stainless steel at 10 µL/min. High-speed imaging reveals spontaneous pendulum-like oscillations with amplitude showing two resonance peaks as the droplet grows in time, with a maximum tilt angle around 15 • and a typical period of 80 ms. It is associated to a periodic oscillation of about 1% of the vertical position of the center of mass. The spontaneously oscillations typically appear around a flow rate of 10 µL/min. This experimental study should be extended and trigger modelling efforts in order to understand and reveal the underlying mechanism.

Introduction

Drop formation from a faucet is a ubiquitous phenomenon in applications and life, involving ink-jet printing, biochip microarray, dripping of water from a leaky faucet [START_REF] Shaw | The dripping faucet as a model chaotic system[END_REF] and ect. Three regimes are observed in the formation, including periodic dripping, chaotic dripping and jetting [START_REF] Clanet | Transition from dripping to jetting[END_REF][START_REF] Ambravaneswaran | Dripping-jetting transitions in a dripping faucet[END_REF][START_REF] Ambravaneswaran | Theoretical analysis of a dripping faucet[END_REF][START_REF] Coullet | Hydrodynamical models for the chaotic dripping faucet[END_REF]. For small flow rate, primary and satellite drops periodically detach from the nozzle, which is referred to as periodic dripping. At first threshold of flow rate, simple period-1 dripping appears that every drop is the same and satellite drop disappear. As flow rate increases further, dripping process begins to complex that nonlinear dynamics such as chaos and hysteresis are observed [START_REF] Shaw | The dripping faucet as a model chaotic system[END_REF][START_REF] Ambravaneswaran | Theoretical analysis of a dripping faucet[END_REF]. For sufficiently large of flow rate, a second threshold is reached that a continuous jet forms, identifing the transition from dripping to jetting. While glycerol/water mixtures are commonly used in experiments on drops to vary viscosity [START_REF] Shi | A cascade of structure in a drop falling from a faucet[END_REF], there are less studies on ethanol/water mixtures, for which evaporation may lead to Marangoni effects.

In this paper, we study a previously unreported phenomena that the spontaneous oscillations of a growing pendant drop, using liquid of ethanol/water mixture. In literatures, few works have been studying on pendent drop oscillations, such as the longitudinal oscillation of a pendant drop [START_REF] Hoon | The lowest oscillation mode of a pendant drop[END_REF] and relaxation oscillation to measure dynamic surface tension [START_REF] Badran | Oscillating pendant drop : A method for the measurement of dynamic surface and interface tension[END_REF]. The experimental setup is shown in figure 1. 10 wt% ethanol/water mixture was used. A syringe pump was filled with the mixture, connecting to a stainless steel flat needle though PTFE (PolyThetraFluo-rEthylene) capillary tubing. As the syringe pump pushed liquid at flow rate of 10 µL/min, the droplet continually grows hanging on the needle and finally falls once the weight of the drop overcomes capillary forces. The generation of droplets were recorded from the side view, using a high-speed imaging (Photron Fastcam SA3) at 1000 or 10000 fps, a spatial resolution of 256×256 pixel, shutter speed 1/25000s, and with backlighting (Dedolight, DLH400D). Image analysis was performed on the growth of pendent droplet to extract angular position, center of gravity from experimental video by a custom MATLAB code.

Experimental observations

Figure 2a presents a group of experimental snapshots in the generation of a growing pendant drop until breakup, taking at 1000 frame/s. At t = 0 s, the record started and a new drop was generated on the needle, as the syringe pump pushed liquid at 10 µL/min. At t = 10, 20, 30 s, the pendant drop continually grows hanging on the needle. At t = 37 s, a clear oscillation is seen in which the drop swings like a pendulum with an angular position of θ = 10 • , like the oscillation of a simple pendulum. The oscillation motion lasts until the drop breaks up and detaches from the needle at t = 54.515 s.

Figure 2b shows a high-speed sequence of a single oscillation, taken at 10000 frames/s around time t = 45 s. The drop oscillates with a period of about T = 76.5 ms and an amplitude about θ max = 6 • which is defined as the maximum value of angular position in a period.

Discussion

Measurement Parameters

Figure 3 shows schematic of a quasi-static growing pendant drop on the left and an oscillating pendant drop on the right. In the growth of the quasi-static state, drop is assumed to be axisymmetric, and a F 2 -(a) A group of experimental snapshots from the side view in the generation of drop, taking 1000 frames/s. (b) A group of experimental snapshots from the side view in the oscillating drop, taking 10000 frames/s. coordinate plane (X and Y-axis) is built with its origin locating at the center bottom of the needle. In the oscillating state, drop is assumed to be axisymmetric with angular position θ and negligible deformation compared to the quasi-static growing pendant drop. The drop swings back and forth hanging from the needle of pendulum length L and fixed at origin. L is defined as the distance between the tip of the needle and the center of mass of the drop.

In the following, we discuss the spontaneous oscillations of a growing pendant drop, including angular position θ and pendulum length L.

Angular position

Figure 4 presents the angular position vs time in the genaration of a growing pendant drop until breakup, taken from an expeirmental video at 1000 fps. At the beginning (t = 0 s), the initial angular position closes to the equilibrium position of θ ≈ 1 • , in which the deviation may comes from the asymmetric wetting of the drop on the needle. As the drop grows, the angular position returns back to the equilibrium position (θ ≈ 0 • ), and the drop hangs on the needle due to the balance between capillary force and weight, and a clear oscillation occurs from time to time when 10 s < t < 23 s within the amplitude about 1 • . As the drop further grows, the amplitude generally increases at 23 s < t < 37 s and reaches first peak with θ max ≈ 12 • at t ≈ 37 s. After that (37 s < t < 42 s), the amplitude fast decreases with time to a trough with θ max ≈ 4 • at t ≈ 42 s. Then, the amplitude rapidly climbs at 42 s < t < 43 s and reaches second peak with θ max ≈ 11 • at t ≈ 43 s. In the next (t > 43 s), the amplitude continues to decrease with time until the drop breakes up and detaches from the needle (t ≈ 54.511 s).

The insert of figure 4 displays the angular position vs time for a short oscillation about 6.5 periods, taking at 10000 frame/s and the recording time (t 1 ) beginning at t ≈ 45 s. As shown in the figure, the amplitude is about θ max ≈ 6 • and the period is T ≈ 76 ms. 3 -Schematic of static drop (left) and oscillating drop (right) hanging on the needle. The drop is naturally axisymmetric in its static state, and is assumed to remain approximately axisymmetric in the oscillating state for volume estimation and computation of the center of mass.

Length

Figure 5 shows pendulum length (L) vs time in the genaration of a growing pendant drop until breakup, taking at 1000 frame/s. At t = 0 s, the pendulum length is about 0.1 mm, corresponding to the residual liquid attaching on the needle after the breakup of the previous drop. With the drop grows, the pendulum length fast increases with time at 0 s < t < 35 s, but the speed decreases with time. After that (35 s < t < 54 s), pendulum length generally increases from 1.28 mm at 35 s to 1.76 mm at 54 s, and meanwhile, a clear oscillation of pendulum length appears, in which the thickness of the curve is lightly oscillating other than constant. The oscillation of curve may resutls from the oscillation of the drop, where the liquid drop swings back and forth coupling with small deformation. At t > 54 s, pendulum length rapidly climbs up from 1.76 mm to 1.99 mm due to the pinch-off of the drop from the needle until the breakup of the drop at t ≈ 54.511 s.

The insert of figure 5 shows pendulum length vs time for a short oscillation about 8 periods, taking at 10000 frame/s and beginning at t ≈ 45 s. The pendulum length oscillates in period but irregular. In the first period, pendulum length goes down from t 1 = 0 ms and L = 1.642 mm until the first trough value at t 1 = 16.7 ms and L = 1.625 mm, then it goes up until the first peak at t 1 = 37.9 ms and L = 1.647 mm. After that, pendulum length undergoes about 7 periods, and the eighth trough increase to t 1 = 476.6 ms and L = 1.641 mm, and the seventh peak increases to t 1 = 455.2 ms and L = 1.660 mm.

Conclusions

We have studied the generation of a growing pendant drop on a steel needle by high-speed imaging, using ethanol/water mixture. A spontaneous pendulum-like oscillations was observed in the generation process. As the drop grows in time, the amplitude undergoes growth, two peaks, and one trough, coupling with a periodic oscillation of the vertical position of the center of mass. More works remain to be done to reveal the underlying mechanism. 
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 1 Sketch of the experimental setup.
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 4 The evolution of angular position (θ) with time. A new drop is generated slowly on the needle by injection pump working at 10 µL/min. At the beginning, drop is almost quasi-static. It slowly grows hanging on the needle. As the drop grows, pendulum-like oscillations start. The inset shows a detail of the oscillation recorded at 10000 frames/s.

F 5 -

 5 The evolution of L with time. As drop growing, the length increases in general. The insert figure shows a slightly oscillation about 1% in the length.